Introduction
The design and development of tissue-engineered models of the human distal and middle phalanx have been undertaken in recent years and various aspects of their resulting formation have been published [Isogai et al., 1999; Isogai and Landis, 2001; Chubinskaya et al., 2004; Landis et al., 2005] . The models have demonstrated the use of bovine cells on different biodegradable polymer scaffolds to form constructs that recapitulate normal bovine bone, cartilage and tendon in vivo in several important features, including the expression of numerous genes and secretion of corresponding proteins and the presence of a growth plate at the end(s) of the model midshafts [Isogai et al., 1999; Isogai and Landis, 2001; Chubinskaya et al., 2004; Landis et al., 2005] . It is not clear how growth plate cartilage forms in the tissue-engineered specimens, but assessing this tissue at several time points over its development has shown the presence of resting, proliferating, maturing and hypertrophic cells, organization of ma-turing and hypertrophic cells in columnar fashion characterizing normal tissue in vivo, expression of type II and X collagen, aggrecan, osteopontin, osteocalcin, bone sialoprotein and other known cartilage genes, presence of proteoglycans in the cartilage matrices, and appearance of mineral in tissue regions deep to the hypertrophic zones [Isogai et al., 1999; Isogai and Landis, 2001; Chubinskaya et al., 2004; Landis et al., 2005 ]. An additional factor of interest in the development of the presumptive growth plate cartilage of the constructs is whether periosteum exerts effects on growth plate formation. This concept has been suggested in part by experimental evidence from cell and organ culture studies [Di Nino et al., 2002; Di Nino and Linsenmayer, 2003; Crochiere et al., 2008] . Thus, the present work examined the hypothesis that periosteal tissue wrapped in part about the midshaft scaffolds of the tissue-engineered models of the human middle phalanges mediates adjacent cartilage growth plate formation. The results of this investigation indicate that periosteum may guide changes in heterogeneous chondrocyte populations toward a growth plate cartilage organization. The models thereby provide a means to examine such changes more completely in regard to gene expression of cartilage and periosteal cells, protein secretion and phalanx structure as an approach to understanding the features of the present tissue-engineered human phalanx models as well as those of growth plate formation in vertebrates in general.
Methods
Tissue-engineered human middle phalanx models (n = 6) were designed following methodology described previously utilizing articular cartilage and periosteum [Isogai et al., 1999; Isogai and Landis, 2001 ]. Tissues were obtained from shoulders or long bones from freshly sacrificed 1-to 6-month-old calves, packed on ice and transported to the laboratory. Cartilage was treated with collagenase and chondrocytes were isolated, filtered and concentrated [Isogai et al., 1999; Isogai and Landis, 2001] . Periosteum was removed surgically in thin strips approximately 1 cm wide and 2 cm long. Constructs were fabricated by suturing the ends of a polycaprolactone/poly-L -lactic acid (50: 50) midshaft (approx. 1.5 cm in length and 0.5 cm in width) in a human middle phalanx shape with a polyglycolic acid sheet (PGA; approx. 1 ! 1 ! 0.2 cm in length, width and thickness). Prior to suturing, each PGA sheet was seeded with the heterogeneous population of chondrocytes isolated and concentrated (1.5 ! 10 8 cells/ml) from normal bovine articular cartilage [Isogai et al., 1999; Isogai and Landis, 2001] . Each midshaft was wrapped over half its length with a single strip of the normal bovine periosteum, the cambium layer of the tissue being placed in contact with the midshaft scaffold [Isogai et al., 1999; Isogai and Landis, 2001] . The remaining half midshaft length was left uncovered. Constructs were cultured for 7-10 days in DMEM/ Ham's F12 medium (1: 1) supplemented with 10% FBS, L -glutamine, ascorbate and an antibiotic/antimycotic mixture [Isogai and Landis, 2001 ] and then implanted in the dorsum of 4-to 6-week-old male nude mice for up to 20 weeks. Harvested implants were fixed in neutral buffered formalin, paraffin-embedded and initially examined by X-ray radiography to assess possible mineral formation. They were then sectioned longitudinally at 7-m thickness and stained with toluidine blue and Safranin-O red to determine morphology and cartilage proteoglycan presence, respectively.
Results
After 20 weeks of implantation, engineered human middle phalanx models were found to have glistening, firm and well defined cartilage on both ends of their individual midshaft regions ( fig. 1 ) . The portion of midshaft covered with periosteum consisted of essentially clear tissue having a few red-colored areas over its surface indicative of vascular formation. The midshaft region left unwrapped was notably reddened and vascularized ( fig. 1 ). X-ray radiography revealed marked mineral deposition within the midshafts of the models only where periosteum had been placed and sutured ( fig. 2 ) . No mineral formation was detectable in the cartilage regions at the ends of the models ( fig. 2 ) . Following their sectioning and staining with Safranin-O, proteoglycan presence was observed in the cartilage at either end of the constructs. Enlargement of cartilage zones showed that chondrocyte-seeded PGA sheets adjacent to the half of model midshafts wrapped with periosteum established a growth plate composed of defined regions of resting, proliferating, maturing and hypertrophic cells resembling normal tissue in vivo ( fig. 3 ) . Chondrocytes comprising lower portions of these plates were organized into columns and deepest regions were found with mixed spicules undergoing endochondral replacement to bone. Vascular invasion in the same deep regions of construct cartilage occurred through host mouse intervention [Chubinskaya et al., 2004; Landis et al., 2005] . Over identical implantation times, chondrocyte-seeded PGA sheets adjacent to the half of the same model midshafts left uncovered by periosteum had disorganized cells and no growth plate formation or mineralization ( fig. 4 ).
Discussion
The tissue engineering design of middle phalanx models of human digits previously demonstrated that complete covering of midshaft scaffolds resulted in cartilage growth plate formation at both ends of these constructs [Isogai et al., 1999; Isogai and Landis, 2001 ]. Wrapping the midshaft over only half its length in the models has provided a means for directly comparing the putative effects of periosteum on cartilage development within the same construct.
In this context, results are consistent and reproducible: While both ends of cartilage in middle phalanx models maintain viable chondrocytes that secrete matrices rich in proteoglycans, the presence of a periosteum leads the heterogeneous chondrocyte populations toward cell organization characteristic of growth plate cartilage. Deep regions of such plates calcify. In that region of the constructs absent of periosteum, no organized plate appears and there is no subsequent cartilage calcification. These results support the possibility that periosteal tissue mediates growth plate cartilage formation, perhaps by synthesis and secretion of growth factors and other proteins that provide diffusion-limited regulation and control of neighboring cartilage. The tissue-engineered phalanx models thereby represent a novel means to examine the numerous observed changes noted above in terms of figure 1 . Mineral deposition has occurred only within the construct region that was wrapped with a narrow strip of periosteum. Differences in the degree of mineralization contribute to some variation in X-ray density.
gene expression of cartilage and periosteal cells, protein secretion, matrix formation and mineralization as an approach to understanding more completely the development, composition and structure of these constructs. Initial unpublished data obtained by laser capture microdissection and quantitative RT-PCR indicate gene expression of (bovine) type II collagen, aggrecan, osteopontin, osteocalcin and bone sialoprotein in the developing cartilaginous growth plates of the constructs, results consistent with normal growth plates from long bones [Ganss et al., 1999; Sodek et al., 2000; Boskey, 2005] . These findings are important in further expansion and characterization of the models and in establishing their potential correlation with normal human digits. On the other hand, there are several aspects of the normal development of a growth plate cartilage in long bones that remain poorly defined. In addition to the potential role of the periosteum and perichondrium in limb formation and lengthening, precise interactions of signaling genes such as Indian hedgehog, PTHrP and TGF-␤ [Ballock et al., 2003; Eames et al., 2003; Kronenberg et al., 2006] in growth plate cartilage and modulation of secreted proteins as well as growth plate biochemistry and structure are also not fully known. More thorough analyses, then, of the tissue-engineered model constructs described here will undoubtedly provide greater insight and knowledge of the normal mechanisms, events and processes in vivo of growth plate and bone formation in vertebrate tissues.
